The electronic structure of the ferromagnetic semiconductor EuO is investigated by means of spin-and angle-resolved photoemission spectroscopy and density functional theory (GGA+U ). Our spin-resolved data reveals that, while the macroscopic magnetization of the sample vanishes at the Curie temperature, the exchange splitting of the O 2p band persists up to TC . Thus, we provide evidence for short-range magnetic order being present at the Curie temperature.
INTRODUCTION
The monoxide of europium (EuO) belongs to the rare class of ferromagnetic semiconductors which makes it an attractive material for fundamental research in the field of spintronics [1] [2] [3] . Only very recently, direct integration with silicon [4, 5] and with other relevant semiconductors has been achieved [6] [7] [8] . For applications such as spinfilter tunneling, the exchange spitting of the unoccupied Eu 5d6s conduction band is of central importance. It has been reported that the exchange splitting of this band decreases with temperature and vanishes at T C = 70 K. This correlation explains well the R(T ) behavior of EuO tunnel junctions [1, 2] as well as EuO's metal-insulator transition (MIT) [9, 10] . Also, the red-shift of the EuO optical absorption edge [11] is in accordance with vanishing exchange splitting of the Eu-derived 5d6s conduction band. Moreover, it was recently claimed that the exchange splitting of the O 2p valence band in EuO also vanishes at the Curie temperature [12] .
EuO is considered a textbook example for the Heisenberg model of localized magnetism [13, 14] . Within this context, the vanishing of the exchange splitting in the Eu 5d6s conduction band and the O 2p valence band which has been described above [1, 2, [9] [10] [11] [12] is rather surprising. Namely, for other metallic 4f Heisenberg ferromagnets, such as Gd [15, 16] , and Tb [17] , it has been reported that the exchange splitting is only weakly affected by temperature and may exist around or even above the Curie temperature.
The observation of a persisting exchange splitting can be described, for instance, in terms of a band-mirroring model (also referred to as fluctuating band theory [18, 19] or spin-mixing [15, 16] ), in which thermally excited collective spin fluctuations reduce the net magnetization. In this scenario, short-range magnetic order may persist above the transition temperature resulting in differently oriented microscopic areas, so-called 'spin blocks' which fluctuate in space and time [20] . With the fluctuation frequency being orders of magnitude smaller than the typical time-scale of the experiment, and a spatial average over several spin blocks being typically measured, this short-range order is difficult to observe experimentally. However, it manifests itself in an exchange splitting which is less affected by temperature and which may exist around or even above the Curie temperature, although, the net magnetization vanishes.
Band-mirroring is not exclusive to Heisenberg ferromagnets. Also for the elemental 3d ferromagnets it has been reported that the exchange splitting may persist above the Curie temperature. Examples include Co [21, 22] , Fe [23] , and Ni [24] . The latter is a particularly interesting example, because Ni shows, both, temperature independent and collapsing exchange splittings. Thus, depending on the position of the particular band in k-space, the persistence of local moments and a Stonertype behavior is observed at the same time.
Spin-resolved photoemission has proven to be a powerful tool for resolving the electronic structure of magnetic systems [15, 16, 21, 22 ]. Yet, we are only aware of a single report on spin-resolved photoemission on EuO: in an angle-integrated study it was reported that the spectral polarization is temperature dependent and vanishes at T C [25] . Moreover, the same study reports that the splitting of the O 2p majority and minority bands is inverted with the minority band being located at lower binding energy, and the majority band at higher binding energy, while one would expect exactly the opposite [26] .
In this letter, we present a complete picture of the EuO valence band evolution through the paramagneticferromagnetic phase transition. We report on spin-and angle-resolved photoemission spectroscopy (spinARPES) measurements, which reveal the relation between the macroscopic magnetic properties and the local electronic structure of a prototypical 4f Heisenberg ferromagnet. 
EXPERIMENTAL DETAILS
EuO thin films were grown in an MBE system with a residual gas pressure p < 2 × 10 −10 mbar on a Cu(001) single crystal substrate. The films are epitaxial with EuO(001)||Cu(001). The films' thickness is d = 25 nm resulting in a bulk like electronic structure [27] . Stoichiometry of the EuO films was achieved by using the distillation method [28] [29] [30] and was confirmed by in-situ XPS.
High-resolution spin-and angle-resolved photoemission spectroscopy (spinARPES) measurements were carried out in another UHV chamber (p < 1 × 10 −10 mbar). Sample transfer was done using a transportable UHV 'shuttle'. The spectra were taken using non-monochromatized He Iα resonance radiation with hν = 21.22 eV. The energy and angular resolution were 10 meV and ≤0.4
• , respectively. Spin-polarization of the photoelectrons was analyzed at k = 0 with a FERRUM spin detector [31] . The films were magnetized in-plane along the EuO(100) direction. This is a hard magnetic axis of bulk EuO [32] , but parallel to one of the quantization axes of the spin detector. All measurements were performed in remanence.
First-principles DFT-based calculations were performed using the full-potential linearized augmented plane wave method as implemented in the WIEN2k code [33] . For the exchange-correlation functional we used the generalized gradient approximation (GGA) [34] . In order to correctly describe the relative positions of bands as measured in photoemission experiments, we have included static local electronic correlations to the GGA potential in the GGA+U method [35] with U = 5.7 eV (Eu 4f ) and U = 3.4 eV (Eu 5d).
RESULTS
We start by analyzing the results of our spin-resolved photoemission measurements. Fig. 1(a) shows the spinresolved spectra for the sample in the ferromagnetic state at T = 40 K. We observe two bands located at binding energies of 2 eV and 5 eV which can be assigned to the Eu 4f and O 2p bands, respectively. The O 2p band shows a substructure which is qualitatively well reproduced by our DFT calculation as shown in Fig. 2 . If one compares the majority (spin-up) and minority (spin-down) spectra, the O 2p bands appear to be slightly shifted against each other. The Eu 4f band shows a spin-polarization of 50% proving that the sample is ferromagnetic and remanently magnetized. In contrast to our theoretical calculation which shows 100% spin-polarization of the Eu 4f band at T = 0 K (see Fig. 2 and below) , the polarization deduced from our experimental measurement is reduced due to the fact that the sample was measured in a remanent state. As the sample had been magnetized along a hard magnetic axis, domain formation is expected [36] , which reduces the projection of the spin-polarization onto the quantization axis of the spin detector. In addition to that the finite temperature (T = 40 K) gives rise to spin waves
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Figs. 1 (a-d) show how the the spin-resolved spectra evolve with increasing temperature. Figs. 1 (e-h) compile the corresponding spin polarization. It is evident that the spin-polarization converges to 0 upon approaching T C = 70 K. As expected for a Heisenberg ferromagnet, the sample's magnetization and, thus, the spinpolarization vanishes at the Curie temperature. Fig. 2 shows the calculated spin-resolved density of states as obtained by DFT+U for the ferromagnetic ground state of EuO at T = 0 K. The Eu 4f band is 100% spin polarized as its counterpart is located ca. 9 eV above the Fermi level. The O 2p band is exchange split by ∼0.25 eV. Further, this band shows a sub-structure which can be attributed to the bonding (∼4 eV) and antibonding (∼3 eV) O 2p orbitals. All of these findings are in agreement with previous theoretical studies [26] .
In order to describe the spin-resolved density of states at T C we assume the band-mirroring scenario: Due to the short-range magnetic order which is present around and above the transition temperature [15, 16, 18, 19 ] the sample decomposes into small spin-blocks, each of which has a magnetic moment of constant magnitude but fluctuating direction. The net magnetization of the sample vanishes because it sums over all spin blocks with their randomly oriented magnetic moments. However, the density of states in each of these microscopic areas consists of a 100% polarized Eu 4f band and an exchange-split O 2p band. In the photoemission experiment we therefore access a snapshot of the superposition of the fundamental spin-resolved density of states of the individual spin blocks.
This model can also be used to extract the fundamental density of states of domains with opposite magnetization directions from spatially averaged spin-polarized pho- toemission spectra at temperatures below T C (compare Fig. 1 (a-d) ). In the temperature range 0 K < T exp < T C , the sample is in a ferromagnetic state but the magnetization is reduced due to magnetic domain formation and thermal excitations. Averaging over magnetic domains below T C would have a similar effect as averaging over spin blocks at (or above) T C . To clarify how the superposition of fundamental densities of states is defined, Fig. 3 illustrates the situation exemplarily: A sample may contain 66% domains magnetized along one direction (regular) and 33% domains magnetized along the opposite direction (mirrored), the resulting net sample magnetization is M = 0.33. Fig. 3 (a) and (b) show a simplified version of the fundamental density of states for the regular and the mirrored domain, respectively. Fig. 3 (c) shows the superimposed density of states (as seen by a spatially averaging photoemission experiment) which exhibits a complex shape due to band mixing. This shape can be described analytically by the following set of equations:
where GS maj,min are the spin-resolved DOS of the EuO ground state, r and m are the relative abundances of regular and mirrored domains (note that r + m ≡ 1), R maj,min and M maj,min are the spinDOS of these domains, and SP maj,min are the spin-resolved DOS resulting from the superposition of R and M . In order to derive the spectra of the regular domains, we can solve the system of linear equations (1) and (2) yielding:
For the case of domains with a magnetization vector M not parallel to the quantization axis Q of the spindetector, the above reasoning still applies when the projections of M onto Q are taken into account.
As we are able to determine r and m from the intensity of the Eu 4f peak in each of the spin spectra shown in Figs. 1(a-d) , Eqs. 3 and 4 allow us to to retrieve the spinpolarized spectra of the regular domains only. We want to emphasize that it is not straightforward to apply this formalism to every other magnetic sample as the values for r and m are typically not known. Here, these values can be derived due to the fact that the Eu 4f band is 100% polarized in the ground state.
The resulting spectra of the regular domains are shown in the bottom panel of Fig. 1 . We observe that the shape of the spin-up and spin-down bands is in very good agreement with the results our DFT calculations (compare Fig. 2 ). The O 2p bands are shifted against each other by ca. 0.3 eV. Thus, this representation of our data is able to reveal the exchange splitting of the oxygen valence band.
The spectra of the regular domains show almost no temperature dependence. Most importantly, the exchange splitting of the O 2p bands is unaffected. We note that the signal to noise ratio of the corrected spectra is reduced with increasing temperature. This is due to the fact that the difference between the spin polarized photoemission spectra (spin-up and spin-down) decreases with decreasing average sample magnetization, a fact which does not affect any of our conclusions.
In order to quantify the exchange splitting of the O 2p bands, a fitting procedure was applied to the regular domain spectra shown in Figs. 1 (i-k) (see Fig. S1 of the Supporting Information). We found that two fit components were necessary to reproduce the shape of the oxygen bands. Peak parameters were restrained to be the same for all spectra except for the positions of the peaks. The relative shift of the peaks in each pair of spinresolved spectra gives us the exchange splitting [shown as filled squares in Fig. 4 (b) ], which we find to be temperature independent.The signal-to-noise ratio decreases from Fig. 1(i) to (l) so that we chose not to evaluate the spectra in Fig. 1(l) .
The fitting yielded a total of four peaks (two in each spin-spectrum). We applied a fitting procedure based on these four peaks to the spatially integrated data ( Fig. 1(ad) , see Fig. S2 of the Supporting Information). As the peak positions were not restricted during this fitting procedure, another value for the exchange splitting of the O 2p bands is obtained [open squares in Fig. 4 (b) ]. This value shows qualitative agreement with the exchange splitting obtained by fitting the O 2p band in the regular domain spectra (filled squares).
In addition, the relative intensity of the peaks in two spin channels of the Eu 4f band provides a value for its spin-polarization [black diamonds in Fig. 4 (a) ]. These values show the reduction of spin polarization with increasing temperature and, thus, the vanishing of magnetization at the Curie temperature ).
To summarize our spinARPES measurements: While the spin-polarization and, thus, net magnetization of the sample vanishes, we find clear evidence for the persistence of exchange splitting in the O 2p bands at the Curie temperature. This observation is clear evidence for the existence of short range magnetic order likely due to spin-blocks.
DISCUSSION
We want to review our results in the context of existing literature. The only available study on spin-resolved photoemission on EuO reported on an inverted splitting of the O 2p majority and minority bands [25] . Here, we have shown the correct splitting, which is the minority band being located at higher binding energy, and the majority band at lower binding energy. This finding is in line with our DFT results as well as with other DFT studies [26] .
How does our result of persisting exchange splitting in the O 2p band relate to previous results? As mentioned in the introduction, a vanishing of the exchange splitting of the O 2p at the Curie temperature was reported [12] . We note that the exchange splitting is roughly a factor of five smaller than the O 2p bandwidth which hampers the observation of the splitting in any spin-integrated measurement. Therefore, the conclusions in ref. 12 are based on the second derivative of energy distribution curves, a procedure which might overestimate certain features, while other features can disappear due to the lack of spin resolution. From the shape of the O 2p valence band as shown in Fig. 2 it is evident that the application of a 2nd derivative would not yield a meaningful result.
As a last point, it was also reported that the exchange splitting of the Eu 5d6s conduction band decreases with temperature and vanishes at T C = 70 K, and that this behavior is actually crucial to describe a number of phenomena i. e. the R(T ) behavior of EuO tunnel junctions [1, 2] , the metal-insulator transition (MIT) [9, 10] , and the red-shift of the EuO optical absorption edge [11] . Thus, the Eu 5d6s shows a completely different behavior than what we have observed for the O 2p bands. We might only speculate on the origin of this contrasting behavior, but it is conceivable that the vanishing splitting of the Eu 5d conduction band is related to the delocalized nature of this particular band, which is in stark contrast to the localized nature of the O 2p band. In the light of our findings, it would be very interesting to revisit the exchange splitting in the Eu 5d6s conduction band by methods that are able to probe unoccupied states directly, such as spin-resolved two-photon photoemission [23] or spin-resolved inverse-photoemission [37] .
SUMMARY
We were able to measure in situ spin-resolved photoemission spectra on epitaxial EuO thin films and investigated the evolution of the spin polarized density of states with increasing temperature. Using the band mirroring model enabled us to decompose the measured spin spectra into components corresponding to areas with magnetization directions parallel and antiparallel to the quantization axis of our spin detector. A closer look at the density of states in the parallel magnetized areas (regular domains) reveals that the exchange splitting of approximately 0.3 eV in the O 2p band of EuO persists up to T C . This observation is clear evidence for the existance of short-range magnetic order being present at the Curie temperature and even above.
In order to quantify the exchange splitting of the O 2p bands, a fitting procedure was applied to the regular domain spectra shown in Figs. 1 (i-k) (see Fig. S1 ). We found that two fit components were necessary to reproduce the shape of the oxygen bands. Peak parameters were restrained to be the same for all spectra except for the positions of the peaks. The relative shift of the peaks in each pair of spin-resolved spectra gives us the exchange splitting [shown as filled squares in Fig. 4 (b) ], which we find to be temperature independent. For the measurement at the Curie temperature shown in Fig. 1(d) the polarization of the sample is almost zero, so that r ≈ m and application of Eqs. 3 and 4 yields a very noisy result [ Fig. 1(l) ] which we chose not to evaluate.
The fitting yielded a total of four peaks (two in each spin-spectrum). We applied a fitting procedure based on these four peaks to the spatially integrated data ( Fig. 1(ad) , see Fig. S2 ). As the peak positions were not restricted during this fitting procedure, another value for the exchange splitting of the O 2p bands is obtained [open squares in Fig. 4 (b) ]. This value shows qualitative agreement with the exchange splitting obtained by fitting the O 2p band in the regular domain spectra (filled squares).
In order to remove any doubts, we also tested a Stonermodel by trying to fit only two peaks (instead of four) to the data. Although we did not put any restraints on the exchange splitting parameter in order to account for its possible decrease, this approach is not able to reproduce the data. 
